Abstract Aims/hypothesis: Patients with acute myocardial infarction (AMI) but without previously known type 2 diabetes have a high prevalence of undiagnosed IGT and type 2 diabetes. Such perturbations have dismal prognostic implications. The aim of this study was to characterise AMI patients in terms of insulin resistance and beta cell function. Methods: A total of 168 consecutive AMI patients were classified by means of an OGTT before hospital discharge as having NGT, IGTor type 2 diabetes. The homeostasis model assessment (HOMA-IR) was used to estimate insulin resistance. Beta cell responsiveness was quantified as insulinogenic index (IGI) at 30 min (ΔI 30 /ΔG 30 (r=−0.218, p=0.010) and to the area under the curve for glucose (r=−0.475, p<0.001). Conclusions/interpretation: Glucose abnormalities are very common in patients with AMI but without previously known type 2 diabetes. To a significant extent, this seems to be related to impaired beta cell function and implies that dysglycaemia immediately after an infarction is not a stress epiphenomenon but reflects stable disturbances of glucose regulation preceding the AMI. Early beta cell dysfunction may have important pathophysiological implications and may serve as a future target for treatment strategies.
Introduction
During recent years it has become obvious that fasting plasma glucose is a continuous risk factor for future cardiovascular mortality and that the risk seems to start below the threshold for the diagnosis of diabetes [1] . However, classification by fasting glucose may miss patients with abnormal glucose tolerance, who also have less favourable cardiovascular risk profiles [2, 3] . In the GAMI (Glucose Tolerance in Patients with Acute Myocardial Infarction) study, OGTTs performed on patients without previously known type 2 diabetes but with an acute myocardial infarction (AMI) demonstrated that 35% had impaired glucose tolerance (IGT) and 31% had previously undiagnosed type 2 diabetes [4] . Newly detected abnormal glucose tolerance (AGT; IGT or type 2 diabetes) was the strongest predictor of future cardiovascular events, together with previous myo-cardial infarction and stroke [5] . Type 2 diabetes is characterized by decreased insulin sensitivity and progressive beta cell dysfunction. The relative importance and causal relations of these disturbances in the pathogenesis of type 2 diabetes are under debate. Both insulin secretion and insulin sensitivity are genetically and environmentally controlled and the impairment of both, individually or together, has been associated with increased risk of developing type 2 diabetes [6] [7] [8] . It has been reported that, during each stage of the development of type 2 diabetes, decreased insulin sensitivity and insulin secretory dysfunction are independent predictors of worsening glucose tolerance [9] . Indeed, fasting hyperinsulinaemia, known to reflect decreased insulin sensitivity, and decreased insulin secretion together constitute the strongest independent predictor of type 2 diabetes [10] . Furthermore, decreased beta cell function may exist already at normal fasting plasma glucose levels [11] . Thus, detailed information on the pathogenesis of disturbed glucose regulation in AMI patients may pave the way for novel treatments aimed at improving cardiovascular outcome and delaying the onset of clinical diabetes and typical diabetes complications. The objective of the present report was to characterise patients with AMI and newly discovered AGT regarding their insulin resistance and beta cell function.
Subjects and methods

Subjects
A detailed description of the patients has been presented elsewhere [4, 5] . In brief, patients admitted for AMI were included if they fulfilled the following inclusion criteria: no previously known type 2 diabetes, baseline capillary blood glucose <11.1 mmol/l, serum creatinine <200 μmol/l and age ≤80 years. A total of 181 participants were enrolled, of whom 168 were characterised before hospital discharge by means of an OGTT as having either normal glucose tolerance (NGT), IGT or type 2 diabetes. The remaining 13 patients could not be classified because of conditions preventing an OGTT.
Study protocol
Blood glucose and creatinine were measured as soon as possible after arrival at the coronary care unit and HbA 1C on the first morning after admission. Fasting blood glucose was measured on the first morning after admission and repeated every morning until discharge. A standardized OGTT (75 g glucose in 200 ml water) was performed on the day of hospital discharge (day 4 or 5), with capillary blood glucose measurements 0, 15, 30, 60 and 120 min after the glucose ingestion. Plasma concentrations of insulin and proinsulin were analysed in fasting samples taken on the first morning after admission and during the OGTT at 0, 30 and 120 min. Biochemical parameters, such as total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, high-sensitivity C-reactive protein (hs-CRP), cortisol, lipoprotein(a) and apolipoprotein B, were analysed in fasting samples taken on day 2 and at discharge. NEFA, plasminogen inhibitor activator-1 and fibrinogen were analysed in fasting samples taken at discharge. BMI was measured at admission. Three and 12 months after hospital discharge, the OGTT and all biochemical analyses were repeated, together with collection of clinical data. The present report relates to the glucometabolic classifications made before hospital discharge.
Type 2 diabetes and IGT were defined according to the 1998 World Health Organization (WHO) classification [12] . Thus, patients were considered as having type 2 diabetes if the fasting capillary blood glucose was ≥6.1 and/ or 2-h capillary blood glucose ≥11.1 mmol/l. IGT was diagnosed if fasting capillary blood glucose was <6.1 and 2-h capillary blood glucose ≥7.8 but <11.1 mmol/l. NGT was defined as fasting capillary blood glucose <6.1 and 2-h capillary blood glucose <7.8 mmol/l. In the present report the term 'abnormal glucose tolerance' (AGT) is used for the presence of either IGT or type 2 diabetes. AMI was defined according to the joint recommendations of the European Society of Cardiology and the American College of Cardiology [13] . Thus, patients were diagnosed as having an AMI if they had two values of serum troponin T>0.05 g/l or creatine kinase-MB >10 μg/l together with either typical symptoms (chest pain >15 min; pulmonary oedema in the absence of valvular heart disease; cardiogenic shock; arrhythmia such as ventricular fibrillation or ventricular tachycardia) or new Q-waves in at least two of the 12 standard ECG leads, or ECG changes indicating acute myocardial ischaemia (ST elevation, ST depression or T-wave inversion).
Insulin and proinsulin were quantified with enzyme immunoassays from Dako Diagnostics (Ely, UK). Intraand interassay coefficients of variation for these analyses were 6% and 7%, respectively, for insulin and 5% and 6% for proinsulin. Details of biochemical analysis have been described elsewhere [4, 5, 14] .
Calculations and statistical analysis
The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated in fasting conditions as plasma insulin (pmol/l)×blood glucose (mmol/l)×1.13 (correction for plasma glucose)/22.5×6 (correction for mU/l in original formula), as described by Matthews and colleagues [15] . An insulinogenic index (IGI) was calculated as the difference between the 30-min and 0-min OGTT plasma insulin values divided by the difference between the corresponding plasma glucose values, (ΔI 30 /ΔG 30 ), The proinsulin : insulin ratio was calculated as the ratio between the fasting values of proinsulin (pmol/l) and insulin (pmol/l). BMI was calculated as weight/height 2 (kg/m 2 ). The area under the curve for glucose (AUCg) was calculated by numerical integration using Hermite polynomials [16] . Continuous variables are presented as medians (lower and upper quartile) and categorical variables as percentages. In the statistical analyses of the relations between various clinical and biochemical parameters, only patients whose glucometabolic state was classified (n=168) were included. Differences between patients grouped by glucose tolerance status were compared using the χ 2 test, the Wilcoxon rank sum test or JonckheereTerpstra's test, the latter being a non-parametric test for ordered differences among classes. Pearson's correlation coefficients were calculated for pairs of continuous variables. Multiple regression analyses were performed with the admission capillary blood glucose and AUCg at discharge as dependent variables and HOMA-IR, IGI, age and sex as independent variables. Both HOMA-IR and IGI were log-transformed prior to analysis. A two-sided p value <0.05 was regarded as statistically significant. All analyses were performed using SAS version 9.1 (SAS Institute). The graphs were made using Statistica version 7.1 (StatSoft). 
Ethical considerations
The study was approved by the regional ethics committee at Karolinska Institute, and all patients provided written and oral informed consent.
Results
Glycaemic control and biochemical characteristics
At hospital discharge 33% (n=55) of the patients were classified as having NGT while 35% (n=58) had IGT and 33% (n=55) newly detected type 2 diabetes. Clinical characteristics of these three groups are presented in Table 1 .
Patients with IGT and type 2 diabetes were older than those with NGT and a family history of type 2 diabetes was more common among patients with type 2 diabetes. The three groups were similar regarding most other clinical data, such as BMI, sex, smoking and previous disorders. Medical treatment during hospital stay and discharge, including thrombolysis, aspirin, beta-blockers and ACE inhibitors, was similarly distributed among the groups except for statins, which were more often prescribed to patients in the NGT group. The biochemical characteristics at discharge are presented in Table 2 . The variables that differed between the groups were admission capillary blood glucose, fasting blood glucose, 120-min blood glucose, HbA 1C , AUCg, hs-CRP and NEFA, all of which were higher in the IGT and type 2 diabetes groups.
Insulin resistance and beta cell function
All parameters related to insulin resistance and beta cell function at discharge are presented in Table 3 . Abnormal glucose tolerance was associated with increasing insulin resistance as measured by the HOMA-IR (mU mmol
). Fasting insulin increased in the groups with AGT whereas the 30-min insulin levels showed a borderline significant decrease (p=0.079) and the 120-min insulin levels were significantly increased in patients with AGT. Baseline levels of proinsulin were significantly increased in patients with AGT, but this was not the case with the proinsulin : insulin ratio (p=0.140). The IGI was significantly lower in patients with type 2 diabetes compared with patients with IGT or NGT (p<0.001; Fig. 1 ). Analyses of insulin resistance and beta cell function were repeated 3 and 12 months after hospital discharge. On these occasions approximately 20% and 30% of the patients had been lost to follow-up due to deaths and logistic problems, respectively, which were similarly distributed between the three groups. When comparing the glucometabolic groups classified at discharge, the pattern of increased insulin resistance and decreased beta cell function among patients with AGT persisted at 3 and 12 months ( Table 3) . The IGI at discharge was significantly related to admission capillary blood glucose (r=−0.218, p=0.010). After performing a multiple regression analysis with admission capillary blood glucose as the dependent variable and IGI, HOMA-IR, age and sex as the independent variables, IGI and HOMA-IR remained independent predictors (r 2 =0.065, p=0.002 and r 2 =0.028, p=0.039 respectively). There was a strong negative correlation between the IGI and AUCg in all patients at discharge (r=−0.475; p<0.001; Fig. 2 ). When performing a multiple regression analysis using AUCg at discharge as the dependent variable and HOMA-IR, IGI, age and sex as independent variables, IGI explained more of the variability in AUCg (r 2 =0.286; p<0.001) than HOMA-IR (r 2 =0.155, p<0.001; Table 4 ).
Discussion
The main finding in this study was that, to a significant extent, the glucose abnormalities that are very common in postinfarction patients are due to decreased early-phase beta cell secretion of insulin.
The high prevalence of IGT (35%) and newly diagnosed type 2 diabetes (31%) in patients with AMI previously reported from this study [4] was recently confirmed by the Euro Heart Survey [17] . In this survey a majority of patients with manifest coronary heart disease had AGT. The need for an OGTT to correctly diagnose these patients was also underlined. The superiority of OGTT over fasting glucose only was confirmed by another study in which diabetes was diagnosed by means of fasting glucose in 10% of patients with myocardial infarction. By applying the WHO criteria, which are based on OGTT, this figure was increased to 33% [18] .
Evidence has accumulated during the last decade on the significant roles of both decreased insulin sensitivity and beta cell dysfunction in the pathogenesis of type 2 diabetes. In previous analyses of the present patient material, we have seen that patients with AMI and AGT did not differ as much as would have been expected in insulin resistance compared with patients with NGT and compared with controls. Furthermore, large differences in proinsulin between patients and controls were found [14] . Therefore, we wanted to further investigate the pathogenesis of AGT by estimating beta cell function in this specific patient group. Although disturbed glucose regulation is a common characteristic of patients with AMI, specific attention has not, until very recently [19] , been devoted to beta cell dysfunction in these patients.
During recent years, several indices of insulin sensitivity derived from the OGTT have been developed, such as those suggested by Stumvoll and colleagues [20] and by Mari and colleagues [21] . These indices have the advantage of giving information similar to that obtained with the clamp technique [22] . The present sampling frequency during the OGTT did not, however, permit calculations according to these models. As an alternative we used HOMA-IR as a simple and reasonably adequate estimation of insulin resistance. This index, which has been used in many large population studies, correlates well with other, more complex techniques [23, 24] . Simple indices of beta cell secretion have also been developed over the years. The homeostasis model assessment for insulin secretion (HOMA-%B) [15] has been criticised as too insensitive since it does not reflect the early insulin response and it cannot be validated in patients on glucose-lowering drugs. In this study, we estimated beta cell function by means of the IGI 30 min after oral glucose intake (ΔI30/ΔG30), corresponding to the early insulin response to oral glucose stimulation. The IGI is a commonly used index of beta cell secretion and has been used in multiple studies to measure the early-phase beta cell response to a glucose stimulus [25] [26] [27] [28] . In comparative studies of several indices of beta cell function, the IGI index was closely correlated with insulin secretion [29] .
Recent studies have presented results that indicate that beta cell dysfunction in early stages of AGT is present independently of insulin resistance and is already present in obese patients with NGT [30] [31] [32] . In addition, a study of type 2 diabetic Japanese patients recently showed that decreased insulin secretion had a more pronounced impact on glucose tolerance than insulin sensitivity [33] . The relationships of insulin resistance and beta cell function to the response to the OGTT were also investigated in the present study by comparing the respective contributions of HOMA-IR and IGI to AUCg. There were strong correlations between both measures and AUCg, but beta cell dysfunction was a significantly stronger contributor than increasing insulin resistance. This further underlines the importance of beta cell dysfunction as a contributor to AGT in patients with AMI.
Both glucose toxicity and lipotoxicity have been reported to contribute to beta cell dysfunction. The lipotoxicity has above all been associated with elevated plasma NEFA concentrations, which have been observed to hamper insulin secretion through toxic effects on the beta cells [34, 35] . Furthermore, long-term lowering of plasma NEFA improves the acute insulin response and insulin-mediated glucose uptake [36] . In the present study, concentrations of NEFAwere significantly increased in patients with AGT and may therefore have contributed to the beta cell dysfunction.
A limitation of the present study was that we were not able to control for the influence of intestinal hormones on beta cell function. Since insulin secretion is increased by incretins after oral glucose ingestion, the possibility that these hormones affect beta cell secretion must be taken into consideration [37] .
Moreover, and as could be expected, concentrations of hs-CRP were significantly increased in patients with AGT. There were no significant relationships between hs-CRP and parameters of insulin resistance or beta cell dysfunction.
Another interesting finding in the present study was that fasting values of proinsulin and the proinsulin : insulin ratio, associated with beta cell dysfunction [38] , tended to increase in patients with abnormal compared with those with normal glucose tolerance. It was recently reported that the proinsulin : insulin ratio and the acute insulin response were independent predictors of type 2 diabetes. Individuals with a combination of a low acute insulin response and a high proinsulin : insulin ratio were at the highest risk of developing type 2 diabetes [39] . Furthermore, in a recent Swedish study proinsulin predicted cardiovascular death and morbidity over a period of 27 years, independently of other major cardiovascular risk factors [40] .
The observed disturbances, of increased beta cell dysfunction and insulin resistance, in patients with AGT persisted 3 and 12 months after hospital discharge. During this period none of the patients was treated with any oral glucose-lowering drug or insulin.
In conclusion, this study shows that glucose abnormalities in patients with AMI but without previously known type 2 diabetes are to a significant extent related to impaired beta cell secretion of insulin. This confirms that hyperglycaemia immediately after an infarction is not mainly a stress epiphenomenon, as commonly assumed, but reflects a stable disturbance of glucose regulation preceding the AMI. Early beta cell dysfunction in this specific patient group may have important pathophysiological implications. Moreover, the present findings should have therapeutic implications when choosing pharmacological tools in future attempts to improve the glucometabolic state, and hopefully also in the prognosis of patients with abnormal glucose metabolism in connection with myocardial infarction.
